Human autoimmune diseases are thought to develop through a complex combination of genetic and environmental factors. Genome-wide linkage searches of autoimmune and inf lammatory͞immune disorders have identified a large number of non-major histocompatibility complex loci that collectively contribute to disease susceptibility. A comparison was made of the linkage results from 23 published autoimmune or immune-mediated disease genome-wide scans. Human diseases included multiple sclerosis, Crohn's disease, familial psoriasis, asthma, and type-I diabetes (IDDM). Experimental animal disease studies included murine experimental autoimmune encephalomyelitis, rat inf lammatory arthritis, rat and murine IDDM, histamine sensitization, immunity to exogenous antigens, and murine lupus (systemic lupus erythematosus; SLE). A majority (Ϸ65%) of the human positive linkages map nonrandomly into 18 distinct clusters. Overlapping of susceptibility loci occurs between different human immune diseases and by comparing conserved regions with experimental autoimmune͞immune disease models. This nonrandom clustering supports a hypothesis that, in some cases, clinically distinct autoimmune diseases may be controlled by a common set of susceptibility genes.
Autoimmune diseases are common chronic conditions that involve immune attack of one or more organ systems and affect approximately 5% of the population. The specific etiologies of virtually all human autoimmune diseases are unknown, although they are thought to arise through a complex combination of genetic and environmental factors. Several reviews of autoimmunity and autoimmune diseases have recently been published (1) (2) (3) .
One of the central genetic factors recognized in autoimmune diseases is the major histocompatibility complex (MHC). Recently, MHC and non-MHC genetic loci have been identified through genome scanning methods in autoimmune or inflammatory animal models and in human diseases. These include multiple sclerosis (MS) (4-7), IDDM (8-10), Crohn's disease (CD) (11, 12) , familial psoriasis (PS) (13, 14) , asthma (AS) (15) , rat inflammatory arthritis (16) , murine lupus (SLE) (17, 18) , and experimental autoimmune encephalomyelitis (EAE) (19, 20) . Linkage results from genome scans for autoimmune͞immune disorders tend to have complex patterns as compared with traditional linkage studies of monogenic traits (21) . Autoimmune genome-wide scans report a greater number of linked loci (Ϸ5-20) of lower significance levels, suggesting a complex genetic etiology.
Guidelines for interpretation of genome scan results have been described to provide standard criteria for reporting linkage data (22) . By these criteria, for monogenic Mendelian traits, P values of less than 0.05 in a complete genome scan are recognized as potentially significant with logarithm of odds (lod) scores Ͼ1.0 and 2 values Ͼ4.0 commonly reported. In contrast, candidate loci from gene scans of complex diseases, including autoimmune disease, are more speculative, with frequent mapping of multiple loci, often covering wide physical distances (10-40 cM).
Here we have compared the map location of all non-MHC candidate loci from published studies of autoimmune diseases by using suggestive, significant, and highly significant (22) linkage estimations. These loci fall into 18 clusters, suggesting a possible shared genetic basis among different autoimmune diseases.
There are many common elements among clinically distinct autoimmune diseases, including population frequencies (2), geographical distributions (23) , clinical features (24) , and therapeutic strategies. Most autoimmune diseases are thought to involve altered functions of humoral or cellular immunity. A sex ratio other than 1 in autoimmune disease is common, with women representing Ϸ75% of autoimmune patients (24) . Familial clustering of different autoimmune diseases (2, 25) , and coassociation of multiple autoimmune diseases in individuals has been frequently reported. The occurrence of common features of autoimmune diseases and the coassociation of multiple autoimmune diseases in the same individual or family supports the notion that there may be common genetic factors that predispose to autoimmunity. Vyse and Todd (2) have shown significant overlapping of susceptibility loci for autoimmune diseases in mouse.
In this study, a comparison was made between 23 autoimmune or inflammatory genome-wide scans or linkage studies. Human autoimmune diseases included MS (4-7), CD (11, 12) , PS (13, 14) , AS (15) , and human type-I diabetes (IDDM-H) (8, 10, 26, 27) . Animal disease studies included EAE (19, 20) , rat inflammatory arthritis (16) , rat IDDM (IDDM-R) (9), murine IDDM (IDDM-M) (28, 29) , Bordetella pertussis-induced histamine sensitization (30) , immunity to exogenous antigens (31) , and murine SLE (17, 18) . As controls, seven nonautoimmune human disease genome scans performed in a similar manner were also included. These included human type II diabetes (NIDDM) (32) , schizophrenia (SZ) (33, 34) , bipolar (BP) disorder (35, 36) , leptin-associated obesity (37) , and hypertension (HT) (38) .
There were marked differences between most of these studies in experimental design, patient populations, sample size, markers used, and calculations of results. However, despite the use of different analytic approaches, these studies come to similar conclusions; namely, that in almost all common autoimmune͞inflammatory diseases there may be no single genes exerting a predominate effect. Nonetheless, there do appear to be multiple loci of less significance that are candidates in the complex genetic etiology of these diseases.
METHODS
This study uses MS as a reference disease, because a recent series of reports (4-7) demonstrated a large number of positive loci, including data on markers of lower significance. Studies were compared with MS studies in the following way:
(i) Significance minimums were established. Markers were defined as a positive marker (PM) if the highest lod score for that marker was Ͼ0.90, significance values (P values) were Ͻ0.05, and͞or 2 was Ͼ4.0.
(ii) All human markers were placed on the University of Southampton Location Database summary maps (39) .
(iii) Contiguous intervals (cIs) for each locus in a study were defined to approximate unavailable locus confidence intervals. cIs are defined as contiguous PMs, from the same study, which were within approximately 12.75 cM of another PM from the same study. The average intermarker distance of all human autoimmune studies was 12.75 cM (range 7.5-20 cM).
(iv) An autoimmune cluster was defined as any two contiguous intervals from different human diseases that were within approximately 12.75 cM of each other. A PM with no flanking markers was considered an independent cI. One MS study (5) published data as a continuous confidence interval. These data were used as a cI. Individual clusters (Cl) are designated by their chromosomal locations (i.e., Cl-1p, Cl-3p, etc.). Overlapping cIs of the same disease or isolated individual PMs were not sufficient to define an autoimmune cluster (except where noted, Table 1 ). The remaining human markers (35%) that did not tend to cluster (as defined here) with markers from other autoimmune diseases are shown in Table 2 . All data from the short arm of human chromosome 6, including the MHC, was ignored so as to minimize MHC effects.
Animal data were not used in defining a cluster or in the calculation of statistical significance, although these data were highlighted if it was found on conserved regions with a defined human cluster ( Fig. 1 and Table 1 ). Cross-species comparisons were made in the following order: (i) USH-gmap locations of human homologs of marker genes, (ii) physical distance from the centromere of the marker reported by (a) the author or (b) found on the Whitehead mouse map: www-genome.wi.mit. edu͞cgi-bin͞mouse͞index. These locations were then compared with the National Center for Biotechnology Information mouse-human homology map at: www3.ncbi.nlm.nih.gov͞ Homology͞, or (iii) the human homolog of candidate genes identified by the author and found on USH-gmaps.
Significance of the clustering of human PMs was evaluated by using two randomization tests. Method I: cI locations, from human studies, were randomly positioned on either a 12.75, 10, 5, or 1 cM grid covering the human genome, minus chromosome 6p (3,163 cM). After each repositioning, the number of independent cIs was determined. A cI was independent if it was not within the designated distance (12.75, 10, 5, 1 cM) of a cI for a different autoimmune disease. MS markers were fixed in the randomization test because the test was based on independently repositioning cIs and the large number of PMs made it difficult to determine which markers identified independent regions. Holding markers for one disease fixed did not interfere with the validity of the randomization test. This test was repeated 10,000 times. The statistical significance level was the number of replications resulting in a number of independent cIs no greater than that observed in the true data. The randomization probability (adjusted P value) that the smallest of the four significance levels was no greater than that in the data (0.043) was computed based on 10,000 replications. This value (0.08) represents the overall significance level adjusted for the four grid sizes used.
Method II: We repeated these analyses after merging cIs from different studies of the same disease that were within 12.75 cM. We also performed the randomization test including the MS loci in the repositioning procedure. Results of these sensitivity analyses gave smaller statistical significance levels for autoimmune diseases than those cited above (Table 3) .
A few PMs are included in clusters ( Table 1 ) that fail to strictly satisfy the 12.75 cM cluster definition; these are noted and not used for statistical significance. Fig. 1 and Tables 3 and 4) . These clusters were also compared with cDNAs mapped on the human transcript map (40) and did not tend to be associated with regions of high gene density (not shown).
RESULTS

Fig
As shown in Table 1 , MS and CD linkages were both reported at Cl-1p using the same marker (D1S236). This chromosomal region is conserved with the mouse locus eae3 (20) , as well as Idd10 (41) . Similarly, the cluster on chromosome 3p (Cl-3p) (Table 1) contains a region with an MS reported lod score of approximately 1.0 between markers D3S1289 and D3S1261. This interval of 23 cM also contains two markers linked to CD͞UC, D3S1573 and D3S1076, and the human homolog of a marker gene for rat arthritis, ACAA. The autoimmune cluster on chromosome 7p (Cl-7p) has PMs from MS, AS, and CD found within an 11-cM interval. Finally, the cluster on chromosome 4q (CL-4q) contains PMs for PS, AS, and MS within an interval of 19 cM. Identical markers were found in all three diseases.
Overall, comparative analysis identified 18 clusters of candidate loci. In 14 cases (Table 1 , boldface type), identical markers were assigned for autoimmune diseases by independent groups in the following clusters: Cl-1p, Cl-3p, Cl-4q, Cl-7p, Cl-7q-a, Cl-11p, Cl-12p, Cl-17p, Cl-17q, and Xp. There does not appear to be a coassociation of markers from any particular disease with any other (i.e., IDDM with MS).
Clusters were analyzed for statistical significance on a chromosomal grid by using two different randomization tests. Clustering was shown to be statistically significant by using both tests with either 10, 5, or 1 cM grids (Table 3) . Clustering of nonautoimmune control markers did not reach statistical significance.
Once clusters were defined, nine human autoimmune studies and seven nonautoimmune studies were compared for the percentage of total PMs, from a given study, that are contained within the defined autoimmune clusters. Table 4 shows that a large majority of PMs from complete human autoimmune studies are clustered with other autoimmune diseases, whereas only 5.0% of the markers from nonautoimmune studies fall within the autoimmune clusters.
The 18 clusters defined here contain a large number of genes of known and unknown function. The interval defining Cl-19q (D19S49-D19S246), covering approximately 24 cM, contains Cl, Cluster; Chrom͞Marker, human chromosome, marker or marker gene. Homologs of mouse or rat marker genes were used for cross-species comparisons. In some cases, the centiMorgan distance from the rodent centromere was used for homology comparisons to human gene maps. Rodent markers (in parentheses). Markers in bold are identical markers used in separate studies; Sp, Species; C, used for statistical significance; Ex, Exceptions to contiguous interval and cluster definition Dis, disease; MS, multiple sclerosis; CD, Crohn disease; CD͞UC, Crohn disease͞ulcerative colitis; EAE, experimental autoimmune encephalomyelitis; IA, inflammatory arthritis; PS, psoriasis; IDDM, insulin-dependent diabetes melitis; AS; asthma; HR, B. pertussis-induced histamine sensitization; HI, humoral immunity; SLE; systemic lupus erythematosus. Ch.reg., cytogenetic band; LDB-gmaps; na, not available; lod or 2 lod scores or 2 ; cM-phym, distance from the top of the human chromosome in centimorgans; LDB-gmaps, na, in cross-species comparisons. Of interest, five clusters of autoimmune loci contain linkages or associations to susceptibility͞resistance to infectious diseases. Cl-3p contains the candidate gene CMKBR5. A 32 bp deletion in this chemokine receptor has been associated with resistance to HIV (56) . The chromosomal region of Cl-19q13 has been associated with resistance͞susceptibility to picornaviruses including polio (57), , and Coxsackie-B3 (59). This region, 19q13, is also conserved in mouse with the Hsv2 locus on mouse chromosome 7, which is associated with mouse hepatitis virus (60) . Clusters 7pq, 12p, 11q, and 19q, as well as the nonclustered MS locus 5p15, are conserved in rodents to regions linked to resistance to Leishmania major (61) .
DISCUSSION
A genetic component to autoimmune susceptibility has been clearly shown by twin and adoption studies, and by increased risk to siblings (2) . A number of non-MHC genetic loci in autoimmune diseases have recently been mapped. As described here, a majority (65%) of these PMs appear to cluster nonrandomly into 18 groups. This clustering occurs within different human autoimmune diseases, as well as across species with experimental autoimmune͞inflammatory disease models. In some cases, this coincidence of disease markers occurs at the same marker, or within 12.75 cM, whereas in others it is over a broader interval with multiple significant markers for the same disease.
Based on our results, the observed clustering of autoimmune loci occurring by random chance is statistically unlikely. Similar statistical findings have been reported in autoimmune animal models (2, 31) . The clustering of loci in both experimental animal models and human disease may suggest a common gene, or multiple genes within an interval, influencing autoimmune disease susceptibility. Furthermore, we recognize that multiple genes in an interval may (i.e., the MTT gene cluster -16q) or may not be functionally related.
The overlapping of autoimmune loci was recently described in animal model systems (2, 16, 31, 61) . Although mouse͞ human chromosome homologies and genetic maps are not uniformly comparable, at least nine human clusters seem to share conserved genetic locations with animal autoimmune loci: Cl-3p, Cl-7p, Cl-7qa, Cl-11q, Cl-12p, Cl-16q, Cl-17q, and Cl-19q.
The Cia3 locus in rat inflammatory arthritis (16) contains a number of candidate genes whose human homologs map to Cl-12p, including CD4, CD27, and CD69. This cluster is linked to human MS and in rodent systems for EAE, B. pertussisinduced histamine sensitization, and IDDM. Cia3 also appears to overlap with the rat locus IDDM1͞Lyp as defined in BB rats (9, 16) . This locus, which contains the marker gene NPY, has been associated with lymphopenia, diabetes (9) , and autoimmune thyroiditis (62) . The human equivalent of NPY maps to Cl-7p, which contains markers linked to MS, CD, and AS (Table 1) .
A characteristic of autoimmune loci from model systems is that specific autoimmune traits are linked to different loci and may be additive, resulting in a compound phenotype in a given autoimmune disease. In mouse lupus, the loci Lbw 1,7,8 are associated with antichromatin antibody production; Lbw 3,4,5 with mortality; and Sbw 1,2 with splenomegaly (17). Animal (Cl-7pq, 12p, 11q, 19q) ; susceptibility to picornaviruses, including polio and coxsackie virus (57, 59) (Cl-19q), and HIV resistance (56) (Cl-3p). An association of picornavirus has been described in EAE (63) , as well as coxsackie virus for IDDM (64) and autoimmune myocarditis (65) .
A number of autoimmune candidate loci from different diseases did not fall into identifiable clusters (Table 2 ). These singleton loci may be independent loci; may contribute to disease specific susceptibility, tissue or organ tropism; or may be false positives. They may also group with other loci under different definitions of a cluster.
This clustering of autoimmune candidate loci into 18 groups from multiple autoimmune diseases and model systems suggests: (i) that there may be a related genetic background contributing to the susceptibility of clinically distinct autoimmune͞inflammatory diseases; (ii) that it may be likely that the genes found at these clusters are involved in primary or Table 1 . Solid bar, human autoimmune disease PMs; circle or circle͞bar, animal disease models; Human nonautoimmune diseases are to the left of each chromosome and are denoted by triangles. MS, multiple sclerosis; CD, Crohn disease; EAE, experimental autoimmune encephalomyelitis; IA, rat inflammatory arthritis; PS, familial psoriasis; AS, asthma; IDDM, insulindependent diabetes (type I) (IDDM-H, human; IDDM-M, mouse; IDDM-R, rat); HR, B. pertussis-induced histamine sensitization; SLE, murine lupus; HI, humoral immunity; SZ, schizophrenia; NIDDM, non-insulin-dependent diabetes (type II); BP, bipolar disorder; LP, leptin-associated obesity; and HT, hypertension. (1998) secondary regulation of the immune system; (iii) that other diseases thought to have an autoimmune component (i.e., narcolepsy) may be compared with the genetic loci of more defined autoimmune diseases; and (iv) that shared genes among distinct diseases may lead to common early diagnostic criteria and therapeutic strategies.
